We present Hubble Space Telescope rest-frame ultraviolet imaging of the host galaxies of 16 hydrogenpoor superluminous supernovae (SLSNe), including 11 events from the Pan-STARRS Medium Deep Survey. Taking advantage of the superb angular resolution of HST, we characterize the galaxies' morphological properties, sizes and star formation rate densities. We determine the SN locations within the host galaxies through precise astrometric matching, and measure physical and host-normalized offsets, as well as the SN positions within the cumulative distribution of UV light pixel brightness. We find that the host galaxies of H-poor SLSNe are irregular, compact dwarf galaxies, with a median half-light radius of just 0.9 kpc. The UV-derived star formation rate densities are high ( Σ SFR ≃ 0.1M ⊙ yr −1 kpc −2 ), suggesting that SLSNe form in overdense environments. Their locations trace the UV light of their host galaxies, with a distribution intermediate between that of LGRBs (which are strongly clustered on the brightest regions of their hosts) and a uniform distribution (characteristic of normal core-collapse SNe). Taken together, this strengthens the picture that SLSN progenitors require different conditions than those of ordinary core-collapse SNe to form, and that they explode in broadly similar galaxies as do LGRBs. However, the locations of SLSNe are less clustered on the brightest regions than are LGRBs, suggesting a different and potentially lower-mass progenitor population for SLSNe than LGRBs.
INTRODUCTION
Superluminous supernovae (SLSNe) are a rare class of supernovae (SNe) discovered in wide-field surveys in the past decade. They are characterized by peak luminosities of 10-100 times those of normal corecollapse and Type Ia SNe. At least two clear subclasses have emerged: SLSNe that show narrow hydrogen lines in their spectra (H-rich SLSNe) are thought to represent the extreme end of the Type IIn SN distribution, and are likely powered by interaction with dense circumstellar medium (CSM) (e.g. Ofek et al. 2007; Smith et al. 2007 Smith et al. , 2010 Chatzopoulos et al. 2011; Drake et al. 2011; Rest et al. 2011) . For the subclass of SLSNe without hydrogen in their spectra (H-poor SLSNe; e.g. Quimby et al. 2007 Quimby et al. , 2011 Barbary et al. 2009; Chomiuk et al. 2011; Pastorello et al. 2010; Leloudas et al. 2012; Lunnan et al. 2013; Inserra et al. 2013) , the mechanism powering the extreme luminosities is not known. As in the case of H-rich SLSNe, interaction has also been proposed as the power source, but would require extreme mass loss and should produce narrow lines in the spectra that are not seen (Chevalier & Irwin 2011; Ginzburg & Balberg 2012; Chatzopoulos & Wheeler 2012b; Moriya et al. 2013; Benetti et al. 2014; Nicholl et al. 2014) .
A central engine model, such as energy injection from a newborn magnetar (e.g. Woosley 2010; Kasen & Bildsten 2010) , has also been proposed. Another possibility, applicable to the slowest-evolving H-poor SLSNe, is pair-instability SNe (PISNe; Gal-Yam 2012; Kasen et al. 2011; Chatzopoulos & Wheeler 2012a; Kozyreva et al. 2014) , although this interpretation is controversial (Young et al. 2010; Moriya et al. 2010; Dessart et al. 2012 Dessart et al. , 2013 Nicholl et al. 2013) .
One way to shed light on the nature of these extreme explosions is to study their progenitor populations. As all SLSNe discovered to date are far too distant for direct progenitor detections, in practice this means studying their host galaxy environments as a proxy. Early studies (Neill et al. 2011; Stoll et al. 2011) suggested that SLSNe were preferentially found in lowluminosity host galaxies. Detailed studies of two individual hosts (Chen et al. 2013; Lunnan et al. 2013 ) revealed metal-poor dwarf galaxies with high specific star formation rates. These initial trends were investigated in detail with a much larger sample in Lunnan et al. (2014) , who studied properties of 31 SLSN host galaxies, and found that compared to core-collapse SNe, the SLSNe are found in lower-luminosity, lower-mass, higher specific star formation rate (sSFR) and lower metallicity environments. Instead, their properties were found to be broadly consistent with those of long-duration gamma-ray burst (LGRB) host galaxies, though the SLSN host galaxies studied were even lower-luminosity and lower-mass than the LGRB host comparison sample.
A complementary approach is to analyze the subgalactic environments of SLSNe, i.e. the locations of SLSNe within their host galaxies. Studies that compare the locations of Type Ic SNe and LGRBs to the sites of star formation, as traced by UV or Hα emission, show that the supernova locations are strongly correlated with the brightest star-forming regions (Fruchter et al. 2006; Svensson et al. 2010; Kelly et al. 2008; James & Anderson 2006; Anderson et al. 2012) . This is used as evidence that the progenitors of these explosions are young and massive. Type II SNe overall trace the UV emission, though not as strongly as Type Ib/c SNe, suggesting a longer-lived and less massive progenitor (Anderson et al. 2012; Kelly et al. 2008) . By contrast, the locations of short-duration gamma-ray bursts are unassociated with UV light and show significant offsets from the host galaxy centers, suggesting they do not arise from young, massive stars, and consistent instead with the predictions for a compact object merger progenitor (Fong et al. 2010; Fong & Berger 2013) . Thus, studying the locations of transients within their (resolved) host light distributions offers a powerful probe of the progenitor properties.
Here, we present the first analysis of the locations of Hpoor superluminous supernovae within their host galaxies. We present resolved Hubble Space Telescope (HST) imaging, allowing us to both study the morphologies of SLSN host galaxies, as well as the host-SN offsets and positions of the SN locations in the overall light distribution. We present our targets, HST observations, data processing techniques and astrometric matching to determine the SLSN locations in Section 2. Section 3 describes the comparison samples and statistical techniques, and we present our results in Sections 4 and 5. The implications of our findings are discussed in Section 6 and summarized in Section 7. All calculations in this paper assume a ΛCDM cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.27 and Ω Λ = 0.73 (Komatsu et al. 2011 ).
OBSERVATIONS AND DATA ANALYSIS

SLSNe Discovered in the Pan-STARRS Medium
Deep Survey The majority of our targets for this study were discovered in the Pan-STARRS Medium Deep Survey (PS1/MDS) transient search, which operated from late 2009 to early 2014. The PS1 telescope on Haleakala is a high-etendue wide-field survey instrument with a 1.8-m diameter primary mirror and a 3.3
• diameter field of view imaged by an array of sixty 4800 × 4800 pixel detectors, with a pixel scale of 0.258 ′′ (Kaiser et al. 2010; Tonry & Onaka 2009 ). Tonry et al. (2012) describes the photometric system and broadband filters in detail.
The PS1/MDS consists of 10 fields (each with a single PS1 imager footprint) observed in g P1 r P1 i P1 z P1 with a typical cadence of 3 d in each filter, to a 5σ depth of ∼ 23.3 mag; y P1 is used near full moon with a typical depth of ∼ 21.7 mag. The standard reduction, astrometric solution, and stacking of the nightly images are done by the Pan-STARRS1 Image Processing Pipeline (IPP) system (Magnier 2006; Magnier et al. 2008 ) on a computer cluster at the Maui High Performance Computer Center. For the transients search, the nightly MDS stacks were transferred to the Harvard FAS Research Computing cluster, where they were processed through a frame subtraction analysis using the photpipe pipeline developed for the SuperMACHO and ESSENCE surveys (Rest et al. 2005; Garg et al. 2007; Miknaitis et al. 2007; Rest et al. 2013) .
A subset of targets was selected for spectroscopic follow-up, using the Blue Channel spectrograph on the 6.5-m MMT telescope (Schmidt et al. 1989) , the Gemini Multi-Object Spectrograph (GMOS; Hook et al. 2004) on the 8-m Gemini telescopes, and the Low Dispersion Survey Spectrograph (LDSS3) and Inamori-Magellan Areal Camera and Spectrograph (IMACS; Dressler et al. 2006 ) on the 6.5-m Magellan telescopes. Over the four years of the survey, we have discovered and spectroscopically confirmed more than 15 H-poor SLSNe in the PS1/MDS data (Chomiuk et al. 2011; Berger et al. 2012; Chornock et al. 2013; Lunnan et al. 2013; McCrum et al. 2014a,b; R. Lunnan et al., in preparation) . Because of the modest area and deep detection limit, most of the volume of the medium-deep survey is at high redshift. The rare SLSNe in our sample cover 0.5 z 1.6.
Hubble Space Telescope Observations
We obtained HST observations of the host galaxies of 12 H-poor SLSNe discovered in the PS1/MDS survey through programs GO-13022 and GO-13326 (PIs: Berger and Lunnan, respectively) . Each galaxy was imaged with the Advanced Camera for Surveys (ACS/WFC) in a filter corresponding to rest-frame UV emission (≃ 3000Å; F475W, F606W or F814W were used depending on the redshift). We used a standard four-point dither pattern for optimal pixel subsampling; Table 2 lists the details for each observation, including the effective wavelengths for each filter/redshift combination. We processed and combined the calibrated and CTEcorrected individual images using the Astrodrizzle software provided by STScI (Gonzaga et al. 2012) , with a final pixscale of 0.025 ′′ /pixel (i.e. half the native image scale), and a pixfrac value of 0.8.
In addition, the H-poor SLSN PS1-11aib was observed in program GO-12529 (PI: Soderberg), capturing both the late-time light curve of the SN and a final epoch for a host galaxy template. The F625W filter corresponds to rest-frame UV at a redshift of z = 0.997. In this case, the data are somewhat shallower and we only have two images available per filter, so we do not redrizzle onto a finer grid but keep the original image scale of 0.05 ′′ /pixel. We note that what we identify as the host galaxy of PS1-11aib is unresolved in the template image, and does not appear to be offset from the SN centroid (Figure 1) , so there is a possibility of confusion with lingering SN emission. The fact that the F625W flux remained constant in the two final epochs (220 to 350 rest-frame days past peak), as well as the flat F625W-F775W color in the final epoch argues for that we are indeed detecting the galaxy, however.
The peculiar transient PS1-10afx ) was targeted as part of program GO-13326; however the discovery of a second galaxy along the line of sight combined with the observed SN properties make it likely this object was in fact a lensed SN rather than a SLSN (Quimby et al. , 2014 . Due to the uncertainties in the nature of this object, we do not include it in our analysis here, though we show the HST image and SN location in Appendix A. Additionally, the SLSN PS1-10ky (Chomiuk et al. 2011 ) was targeted as part of program GO-13022 but its host galaxy was not detected. It is therefore not included in the discussion, except for where the upper limit is relevant.
In addition to the HST data from our PS1 sample, a few SLSN host galaxies have HST images available in the public archive from proposal GO-13025 (PI: Levan). We included available public images covering rest-frame UV of 5 H-poor SLSNe in our analysis; targets and details of the observations are listed in Tables 1 and 2 . As the public objects are generally at lower redshifts than the PS1 sample, most of these objects were imaged with the Wide Field Camera 3 (WFC3/UVIS). Unlike ACS, WFC3 images are not currently corrected for CTE losses as part of the standard HST pipeline, and we used the CTE correction software available from the WFC3 tools webpage 11 before processing and combining the individual images with Astrodrizzle. Again, we used a pixfrac of 0.8 and a final pixscale of half the native image scale, which corresponds to a final scale of 0.0198 ′′ /pixel. All final drizzled images are shown in Figure 1 To determine the locations of the SNe relative to the HST high-resolution images, we take advantage of the astrometry framework in the PS1/MDS photpipe pipeline. We use SExtractor 12 to create a catalog of suitable astrometric reference sources from the HST images, and shift a PS1 template image to this reference frame. Typically, there are 20-60 tie objects available between the ACS images and the PS1 templates, giving resulting tie uncertainties of 10-30 mas. These uncertainties are quoted as σ tie in Table 3 .
In addition to the uncertainty from the astrometric tie between the HST images and PS1 templates, there is a contribution based on how well we can determine the SN centroids. To calculate this, we re-run the supernova images through the pipeline, updating the astrometry of the nightly and reference images to the HST-defined reference frame, performing image subtractions, and calculate the SN centroids and associated error from the subtracted images. Rest et al. (2013) describe in detail how the astrometry is performed by the pipeline. We then combine all the individual measurements and calculate the weighted, 3σ-clipped average centroid for each SN. We find typical uncertainties in the SN centroids of 10-30 mas, depending on both the number of images available for each SN, and the seeing and signal-to-noise for the individual detections. We note that the scatter in the position measurements are comparable to the astrometric errors calculated by the pipeline (i.e., reduced χ 2 -values for the mean centroid close to 1). The uncertainties in SN positions are listed as σ SN in Table 3 . The total uncertainty of the SN position in the HST image is found by combining σ tie and σ SN in quadrature, and is depicted as red circles in Figure 1 .
HST-HST Astrometry
Two objects, PS1-11aib and SCP06F6, have HST images available for both the SLSNe and their host galaxies: PS1-11aib had both SN and host galaxy imaging done as part of program GO-12529, and SCP06F6 was discovered as part of the Hubble Space Telescope Cluster Supernova Survey (program GO-10496; Barbary et al. 2009 ). In these two cases, we align the HST images of the SNe directly to the galaxy images, using the Drizzlepac task tweakreg. Since there are not many stars in these fields, we again use catalogs of suitable sources created with SExtractor as input (rather than the built-in imagefind routine in Drizzlepac). We calculate the weighted SN centroids in the frame of the host galaxy; the σ SN values quoted in Table 3 is the total final position uncertainty.
Literature Objects
For the remaining literature objects, we use available ground-based imaging of the SNe for astrometry: PS1 3Pi images of SN 2011ke and SN 2012il (Inserra et al. 2013) , GMOS imaging of SN 2010gx (Pastorello et al. 2010) , and Liverpool Telescope images of SN 2007bi Young et al. 2010) . Here, we use SExtractor to create catalogs of overlapping sources, and the IRAF task ccmap to compute the astrometric tie for each SN image. As with the PS1/MDS images, we then combine the measurements from individual SN images to calculate the weighted SN centroid in the frame of the HST images.
Unlike for the PS1-HST astrometry, we do not use host-subtracted images to determine the SN centroid for these literature objects, as we do not have host galaxy images in the same filters available. This could in principle bias the position measured. To minimize such effects, we use SN images as close to maximum light as possible, where the SNe are 2 − 4 mag brighter than their host galaxies, and the contribution of host galaxy flux to the measured centroid should therefore be negligible.
COMPARISON SAMPLES
We compare the locations of SLSNe within their host galaxies to different types of astrophysical transients. As our SLSN sample spans a wide range of redshifts (0.1 z 1.6), the comparison samples should ideally cover a similar redshift range (to minimize effects due to galaxy evolution), and also come from an untargeted survey (to avoid biasing towards specific galaxy types). We use the GOODS sample of core-collapse SNe (Fruchter et al. 2006; Svensson et al. 2010) as our SN comparison sample, as it satisfies both these criteria. Moreover, the SN locations within the host galaxies are very well determined as both the SNe and the host galaxies were observed with HST. One drawback of the GOODS sample is that most of the SNe in the corecollapse sample were not spectroscopically confirmed. As 
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Figure 1. HST rest-frame UV images of 11 host galaxies of PS1/MDS SLSNe, and 5 host galaxies from the literature. All images are oriented with north up and east pointing left. The horizontal bars shows the scale of each image. The red circles corresponds to the 1σ uncertainty in the SN position relative to the HST image, as described in Section 2.3. Some images have been smoothed with a 3-pixel Gaussian filter to make the galaxy more apparent.
the main goal of the GOODS SN search was to find Type Ia SNe, the CCSN sample consists of SNe with colors incompatible with being Type Ia SNe (and therefore not followed up further), or SNe with spectra that were not Type Ia (Strolger et al. 2004 ). There is therefore no breakdown of sub-types within the GOODS sample.
For studies of spectroscopically confirmed CCSNe, we are limited to lower redshift samples. We utilize the studies of Prieto et al. (2008) , Kelly et al. (2008) and Kelly & Kirshner (2012) for host-SN offsets and light distribution statistics for different types of SNe. These comparisons are complicated by the fact that the low-redshift samples contain a larger fraction of high-luminosity galaxies because the supernovae in the samples come from targeted surveys.
LGRBs offer another interesting comparison sample to H-poor SLSNe.
The two types of transients share a number of properties; both are rare and energetic explosions, with rates 10 −3 of the CCSN rate (Quimby et al. 2013a; McCrum et al. 2014a; Wanderman & Piran 2010) . Like H-poor SLSNe, the SNe that accompany LGRBs are stripped of hydrogen. Moreover, Lunnan et al. (2014) found that their environments are similar on a galaxy-scale level, with both samples preferentially found in dwarf galaxy environments with low metallicities and high specific star formation rates. Locations of LGRBs within their host galaxies were studied in Fruchter et al. (2006) and Svensson et al. (2010) ; we will also refer to Bloom et al. (2002) for offsets of LGRBs.
To compare the distribution of SLSN properties to the other samples, we use the Kolmogorov-Smirnov (K-S) test. This test calculates the K-S statistic D, defined as D = sup x |F 1 (x)−F 2 (x)|, where F 1 and F 2 are the empirical cumulative distribution functions of the two samples. This statistic is then compared to a theoretical distribution to calculate the probability that the two samples were drawn from the same underlying distribution.
GALAXY PROPERTIES FROM RESOLVED IMAGING
Before we turn to an analysis of the SN locations, discussed in Section 5, we investigate the morphologies of the SLSN host galaxies. This is helpful both for understanding the nature of the galaxies, and to normalize the SLSN offset measurements.
Galaxy Morphologies
Visual inspection of Figure 1 reveals that most SLSN host galaxies have irregular morphologies. There is a striking lack of grand design spiral galaxies compared to the host galaxies of normal SNe: the GOODS survey found that approximately half of the CCSNe in this redshift range are found in massive spiral galaxies (Fruchter et al. 2006; Svensson et al. 2010) . In contrast, none of the SLSN hosts in our sample have visible spiral structure. In addition, the deficit of spiral galaxy hosts agrees with the results from Lunnan et al. (2014) that SLSNe select different environments from normal CCSNe, suggesting that additional factors beyond star formation is necessary to produce a SLSN. Moreover, this is another characteristic that SLSN host galaxies share with LGRB host galaxies, which are also deficient in bright spirals and generally found in galaxies with irregular morphologies (Fruchter et al. 2006; Wainwright et al. 2007) .
Another interesting feature of Figure 1 is that roughly half of the galaxies exhibit a morphology that is either asymmetric, off-center or consisting of multiple peaks. Such morphologies are common also amongst LGRB host galaxies: Wainwright et al. (2007) classified 60% of the galaxies in their sample as either showing features consistent with merging system, or asymmetric and irregular structure.
Galaxy Sizes
We use SExtractor to measure effective galaxy radii, using a S/N > 1 criterion to determine which pixels are part of the galaxy. In Table 3 we list r 50 and r 80 , the radii estimated by SExtractor to contain 50% and 80% of the total host light, respectively. PS1-11aib is unresolved in the HST image, and we take the FWHM of the pointspread function as an upper limit on its size.
As is also evident from the images in Figure 1 , the SLSN host galaxies are remarkably compact. The halflight radii span 0.2 to 2.9 kpc, with a median of 0.9 kpc. Figure 2 shows the distribution of r 80 , the radius containing 80% of the total light, compared to the LGRB and GOODS CCSN host samples from Svensson et al. (2010) . The SLSN host sizes are comparable to the LGRB hosts, if overall slightly smaller, and their distributions are statistically compatible. In contrast, the GOODS CCSN 
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LGRB hosts CCSN hosts Figure 2 . Distribution of r 80 , the radius containing 80% of the galaxy flux, for the SLSN host sample (black), LGRB host galaxies (red) and core-collapse SN host galaxies from GOODS (blue).
host galaxies are significantly larger, with a median r 80 of 4.45 kpc. A K-S test rejects the null hypothesis that the two samples are drawn from the same distribution at high significance (p = 2 × 10 −5 ). Since our observations probe the rest-frame UV, which traces star formation, one might worry that the small sizes measured are a result of only detecting bright knots of star formation rather than the overall distribution of stars; for example in the image of SN 2012il (Figure 1) , an extended structure at lower surface brightness is visible, and may be more representative of the true size of the galaxy than the two bright knots in the left of the image that dominate the UV light. One way to test this is to compare images that trace rest-frame optical or IR light to our UV images. Such images are available for about half the sample. For SN 2012il, the IR extent of the host galaxy is indeed similar to the low surface brightness component seen in the UV; the host of SN 2007bi also appears to be more extended in the IR though at a low signal-to-noise level. The remaining 5 galaxies with WFC3/IR imaging in our sample show similar morphologies and sizes as in the UV, suggesting that the UV images are generally representative of the overall host galaxy size. We also note that based on SED modelling (Lunnan et al. 2014 ), we do not generally expect a significant component of old stars.
Star Formation Rates and SFR Surface Density
Since our images cover rest-frame UV, we can use the galaxy fluxes to estimate UV-derived star formation rates. We use the "isocorr" magnitudes returned by SExtractor as the estimate of the total flux from the galaxy, and convert the UV luminosity into star formation rates using the relation from Kennicutt (1998) : SFR (M ⊙ /yr) = 1.4 × 10 −28 L ν,UV (erg s −1 Hz −1 ). Using the galaxy sizes we also calculate the SFR surface density, i.e. the star formation rate per unit area. We use the isophotal area determined by SExtractor as our best estimate of the total area of the galaxies. In Figure 3 we plot the SFR density as a function of stellar mass, using the masses derived from SED Figure 3 . SFR surface density as a function of stellar mass. The SLSN host galaxies are shown as black stars; data for other types of transients are taken from Kelly et al. (2014) . Similar to the host galaxies of Type Ic-BL SNe and LGRBs, the SLSN host galaxies have high SFR surface densities given their stellar masses.
fitting by Lunnan et al. (2014) , except for SN 2007bi where we use the updated mass from Chen et al. (2014) . Data for the host galaxies of other types of transients are taken from Kelly et al. (2014) . The upper limit from the non-detection of the host galaxy of PS1-10ky is 0.1M ⊙ yr −1 kpc −2 (3σ), similar to the lowest-mass detections. We find that, like LGRBs and Type Ic -BL (broad-lined) SNe, the SLSN host galaxies have high SFR densities for their stellar mass, ranging from 0.04 to 0.4 M ⊙ yr −1 kpc −2 with a median value of 0.09 M ⊙ yr −1 kpc −2 . We caution that the samples we are comparing to used sizes derived from rest-frame optical rather than UV images, which could lead to higher derived SFR densities if the UV emission is not representative of the true size of the galaxy. To follow the same relation that is seen in normal core-collapse SN host galaxies, however, the SLSN sizes would have to be underestimated by a factor of ∼ 10, which is not supported by the subsample for which we have rest-frame optical or IR imaging (Section 4.2).
SUPERNOVA LOCATIONS
Offsets
To calculate the offset from the SLSN locations to the host galaxy, we first need to define the center of each galaxy. We use the centers output by SExtractor, which correspond to the flux-weighted galaxy centroids. Given the irregular morphology of many of our targets, we note that the center calculated in this way does not necessarily correspond to the brightest region of the galaxy. The uncertainty in the host galaxy centroid is listed as σ gal in Table 3 .
The distribution of resulting offsets is shown in Figure 4 , both in projected kpc (left) and normalized by the host galaxy size (right). We here use r 50 rather than r 80 , since this is what was used to normalize the offsets in the comparison samples. The SLSNe have offsets ranging from 0.1 to 4.3 kpc, with a median of 1.0 kpc, comparable to the LGRBs and significantly smaller than the offsets of the CCSNe. However, when normalized by host galaxy size, the SLSNe are statistically compatible to the two other populations, and in particular all three populations have median offsets of about 1 half-light radius. This indicates that the SLSN locations overall track the radial distribution of UV light, similar to other transients with massive star progenitors.
Light Distribution Analysis
The offset technique is limited in comparing the locations of transients to the overall light distribution because many of the SLSN host galaxies exhibit irregular, asymmetric structure. The distance from the fluxweighted center of the galaxy is therefore not necessarily a good indicator of the flux level at the SN position. For this reason, Fruchter et al. (2006) developed a morphology-independent technique for quantifying the extent to which SNe trace their host light distribution, by determining the pixel on which the SN occurred, and computing the fraction of light in galaxy pixels of lower surface brightness. A hypothetical population of sources that perfectly tracked the underlying light distribution would follow a uniform distribution: a pixel with twice as much flux would, statistically speaking, be exactly twice as likely to contain a transient.
To calculate this statistic, we first determine which pixels are part of the galaxy. We fit a Gaussian profile to the sky brightness distribution near the galaxy, and determine the 1σ cutoff level (equivalent to taking S/N > 1). Consecutive pixels above this cutoff level are then defined to be part of the galaxy, and we compute the fraction of light in galaxy pixels fainter than the SLSN position. In cases where the SN position is known to a precision worse than the FWHM of the image, we first convolve the image with a Gaussian of the same width as the SN position uncertainty. The results for each galaxy are listed in Table 3 .
In Figure 5 we show the cumulative distribution of the light fractions of SLSN locations, compared to the GOODS CCSNe, LGRBs (Svensson et al. 2010 ) and local Type Ic SNe (Kelly et al. 2008) . The dashed line marks the expectation of a uniform distribution. The SLSN locations overall are slightly skewed towards brighter pixels, with a median value is 0.65. This suggests that SLSNe are indeed correlated with the UV light of their host galaxies, and are slightly more likely to be found in brighter regions of their host galaxies. They do not appear to be as strongly correlated with the brightest regions as are LGRBs, which have a median value of 0.88. In particular, only one (6%) of the LGRBs in the sample from Svensson et al. (2010) are found in regions of fractional brighness < 40%, whereas about a quarter of the SLSNe are found at such low flux values. The sample sizes are small, however, and statistically we cannot rule out either that the SLSNe come from the same distribution as the LGRBs (p = 0.25), or that they are drawn from a uniform distribution (p = 0.44).
The comparison is complicated by the fact that the SLSN host galaxies are overall fainter than either of the galaxy populations we are comparing to, and so it is possible the SLSN distribution is shifted to lower relative flux values due to the lower-surface brightness parts of the galaxies not being above the noise threshold. This ef- fect is not likely to be severe, however, since the faintest pixels in the distribution contribute little to the overall total flux, which is what matters the most for the relative position. This effect was considered in detail by Fruchter et al. (2006) when comparing the LGRB sample to the GOODS CCSNe, by experimenting with artificially increasing the noise in their images by a magnitude (thus losing a larger fraction of the galaxy edge flux). They found that their results were overall unaffected. It is also worth noting that the galaxies where we find the lowest fractional flux levels at the SN positions are in fact some of the brightest galaxies in the sample: PS1-12bqf, PS1-11bam and PS1-12bmy (Figure 1 ; Table 3 ). Therefore, the result that some SLSNe explode in regions of their galaxy with very little UV flux is unlikely to be caused by a surface brightness bias.
DISCUSSION
Both the offset distribution and the fractional flux distribution of SLSNe suggest that their locations are correlated with the UV light and hence with recent star formation activity. This is further evidence that SLSNe come from massive stars, as is also seen by their associations with star-forming galaxies in general, and high specific star formation rates in particular (Lunnan et al. 2014) . While their locations are statistically consistent with those of LGRBs, the SLSNe appear to not be as strongly correlated with the brightest regions of their host galaxies as the LGRBs are ( Figure 5 ). Since a stronger correlation with star formation tracers is generally interpreted as evidence for a younger and more massive progenitor population (Fruchter et al. 2006; Anderson et al. 2012; Kelly et al. 2008) , the simplest interpretation is that SLSN progenitors are older/less massive stars than LGRB progenitors. We note that recently, Leloudas et al. (2014) has argued that SLSNe result from more massive stars than LGRBs; our result of SLSN locations is potentially at odds with this interpretation. Instead, as we argued in Lunnan et al. (2014) , the host galaxy properties seem to lead to the conclusion that the progenitors require low metallicity, potentially as a requirement for a magnetar remnant.
While the locations of SLSNe may not be more strongly correlated with star formation activity than those of ordinary core-collapse SNe, the fact remains that their overall host environments are strikingly different. Our results can also be interpreted to mean that the most important environmental factor for producing a SLSN is something different than the progenitor mass alone. One such factor could be metallicity, as H-poor SLSNe are generally found in low-metallicity galaxies (Lunnan et al. 2013 (Lunnan et al. , 2014 Chen et al. 2013 Chen et al. , 2014 Leloudas et al. 2014 ). In addition, several proposed models for SLSNe are consistent with a low metallicity preference, either directly in the case of PISN models, or indirectly in the case of models that require a rapidly rotating progenitor, such as the magnetar model (Chatzopoulos & Wheeler 2012a,b; Woosley 2010; Kasen & Bildsten 2010) . A lowmetallicity requirement could explain why some SLSNe appear to explode in regions away from the most intense star formation, particularly in the more massive galaxies in our sample. A similar trend was also seen in Lunnan et al. (2014) , in the sense that the two galaxies with the highest measured metallicities (neither were in our HST sample) also had the SNe exploding at the largest offsets.
While metallicity is one possible option (and one that is often invoked also to explain the environmental preferences of LGRBs), it is not the only possibility. Recently, Kelly et al. (2014) showed that the host galaxies of both broad-lined type Ic SNe and LGRBs have high stellar mass and star formation densities, compared to SDSS galaxies of similar masses, and we find that SLSN host galaxies show the same trend (Figure 3 ). Since this trend cannot be explained by a simple metallicity preference, Kelly et al. (2014) instead argue the key factor may be that massive binary progenitor systems can form more efficiently in regions of dense star formation (Goddard et al. 2010; Silva-Villa et al. 2013 ). van den Heuvel & Portegies Zwart (2013) have proposed a dynamical origin for SLSNe, as the result of runaway collisions in dense star clusters. If this is the dominant channel for producing SLSNe, however, it would be difficult to explain our result that some fraction of SLSNe explode well away from the brightest regions of star formation.
In the context of the interaction-driven model for SLSNe, the natural comparison sample would be the Hrich SLSNe, since these do show clear signs of interaction in their spectra. No similar study of the locations of this class has yet been carried out, unfortunately, though their overall environments appear to be less extreme than those of H-poor SLSNe (Leloudas et al. 2014) . For interaction-driven SNe in general, Habergham et al. (2014) Smith & Tombleson (2014) have argued that both the observed isolated locations of LBVs and the locations of Type IIn SNe are naturally explained in a scenario where LBVs are the product of binary evolution, with a significant fraction being kicked from its birth cluster when the companion goes supernova. This illustrates how other factors than progenitor mass can have a significant impact on the observed locations of SN subtypes, and that the different correlations between SN locations and UV light between different populations need not be due to a simple mass difference if binary progenitor models are considered.
CONCLUSIONS
We have carried out the first study of the sub-galactic environments of H-poor SLSNe, using resolved rest-frame UV imaging from HST and precise SN locations. Our conclusions are as follows:
• The host galaxies of H-poor SLSNe are generally irregular dwarf galaxies: about half show asymmetric morphology or multiple peaks, and there is a distinct lack of grand-design spiral galaxies compared to CCSN host galaxies in the same redshift range.
• SLSN host galaxies are compact, with a median half-light radius of 0.9 kpc. The median SFR surface density, as derived from the UV flux, is 0.1 M ⊙ yr −1 kpc −2 . SLSN host galaxies exhibit high SFR surface densities for their stellar masses compared to host galaxies of local CCSNe.
• The median offset between SLSNe and their hosts is ∼ 1 kpc. The normalized offset distribution is consistent with those of other types of transients with massive star progenitors, with a median normalized offset of 1 half-light radius.
• The locations of H-poor SLSNe are correlated with the UV light. We find that their distribution is intermediate between those of LGRBs (which trace the brightest regions of their hosts) and a uniform distribution, and cannot be distinguished statistically from either with the current sample size.
The galaxy properties derived from the HST images support the overall picture that H-poor SLSNe explode in host galaxies that are overall different from core-collapse SN hosts, and that share many similarities with LGRB host galaxies. Both samples are primarily found in irregular galaxies, with similar typical sizes. In addition, both are found in galaxies with high star formation surface densities. Thus, the galaxy-scale properties support the results of Lunnan et al. (2014) that similar environmental factors are necessary for stars to end their lives as either a H-poor SLSN or a LGRB.
At the same time, our study of the sub-galactic locations of SLSNe points to that the local environments of SLSNe and LGRBs may be different, with SLSNe being less biased towards the brightest regions of their host galaxies (although a larger sample size is necessary to distinguish them statistically). This can be interpreted as SLSN progenitors being less massive and longer-lived stars than LGRB progenitors, contrary to recent claims that SLSNe are the very first stars to explode in a starburst (Leloudas et al. 2014) . Our results are consistent with the recent results of Vreeswijk et al. (2014) , however, who find that the ISM column densities along SLSN lines of sight are on the low end of what is seen in LGRBs, also suggesting that they trace different local environments.
Support for programs number GO-12529, GO-13022 and GO-13326 of the background galaxy are clearly identifiable. Deeper images with more color information would be necessary to decompose the observed source into a background host and foreground lens. We leave an analysis of the implied constraints on the lensing geometry to future work.
